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Organic Electronic Devices Incorporating Semiconducting Polymer Brushes 



Field of the Invention 

. The present invention relates to organic electronic devices such as photovoltaic 
devices and organic electroluminescent devices, said devices comprising electrodes and a 
semiconducting layer concq)rising a mixture of at least one hole-transporting 
semiconducting matCTial and at least one electron-transporting semiconducting material, 
herein at least one of said semiconducting materials is in the form of semiconducting 
polymer bnishes which are attached to fhe surface of at least one of said electrodes and 
are in contact with at least one of said other semiconducting materials. It also relates to 
methods for the manufacture of such devices. 

Bacli^ound to the Invention 

In recent years organic semiconductor inatetials, including both semiconducting 

polymers and semiconducting smafl organic molecules have been used in the 
construction of various electronic devices including electroluminescent devices, 
photovoltaic devices, field effect transistors and Uquid crystal devices. These materials 
have significant advantages, including tiie sin?>Ucity and lowHtsost of the manufecture of 
devices using said materials, flexibility of use and excellent performance characteristics. 
Research into novel materials, processing techniques and device geometries has resulted 
in significant improvements in stabiUty, lifetime, and performance in all such devices. 

Photovoltaic devices constructed from an anode and a cathode between which are 
sandwiched a blended binary system consisting of hole and electron-transporting organic 
and non-organic semiconductor materials are one example of such devices. These have 
shown high external quantum efficiencies (number of electrons coUected at the cathode to 
incident photons upon devices). Photogeneration of charges within semiconductor 
material blends occurs by exciton dissociation at roaterial heterojunctions, with charge 
transfer of the electron to one conqjonent of the blend and die hole to the other. Ideally, 
photovoltaic devices should have adequate thickness of die Hght-absorbing material 
within which photo-generation of charges takes place so that die amount of incident Ught 
used is maximised. In order to achieve high external quantimi efficiency, the active 
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material layer should consist of at least tvyo . components witi distributed heterojnnctions 
flnoughout the filna, to aid charge separation, and short and direct transportation paths to 
eaeh-electrode^vithin-each-con5)onent-6^^^ 



^ ^ w^wxxvj. ^ m a rt mu se uxiarge exixaction. 

• It been demonstrated Mt-theperfoiniki^ of a photo^b^^^ 
amixtureof two semiconducting polymers canbegreatly enhanced by controlling the 
blend morphology [see Snaith et al. Nam Letters 2002, 2(12), 1353-1357; Halls et al^ 
Advanced Materials 2000, 12(7), 498-502; and Arias et al, MacromolectL 2001, 34, 
6005-6013]. This is achieved by altering flie device preparation parameters (soliion'and 
substrate ten^eratuies, spm-speeds. solvent saturated atmosphere and by using different 
solvents). However, a significant loss mechanism in these devices is due to charge 
__tap^i^usedb^^^ 

each con5K>nent of the blend. There is a clear need for a new apchitecture for organic 
photovoltaic devices that maximises the distributed heterojunctions throughout the 
polymer blend, to aid charge separation, and provides short and direct transportation ■ 
paths to each electrode within each component of the blend to maximise charge 
extraction. 

In recent years, there has been considerable interest in Ught emitting organic 
. materials such as conjugated polymers. Light emitting polymers possess a delocalised 
. pi-electron system along the polymer backbone. The delocalised pi-electron system 
confers semiconducting properties to the polymer and gives it the abiUty to si^ort 
positive and negative charge carriers with high mobilities along the polymer chain. 
Thin fihns of these conjugated polymers can be used in the preparation of optical 
devices such as Ught-emitting devices. These devices have nmnerous advantages over 

devices prepared using conventional semiconducting materials, including flie 
possibiUty of wide area displays, low do woridng voltages and sm^jUcity of 
manufacture. Devices of this type are described in. for exanple, WO-A-90/13148, US 
5,512,654 and WO-A-95/06400. * 

Efficient and highly stable electroluminescent devices with low power 
consun?,tion and which fulfill commercial requirements, have been prepared by a 
number of conqjanies and academic research groups (see. for exan^le. R.H. iPriend et al 
Nature 1999, 5P7. 12). 
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At their most basic, orgamc electroluminescent devices generally con:q)rise an 
organic light emitting material which is positioned between a hole injecting electrode and 
an electron injecting electrode. The hole injecting electrode (anode) is typically a 
transparent tin-doped indium oxide (ITO)-coated glass substrate. The material 
commonly used for the electron injecting electrode (cathode) is a low work fimction 
metal such as calcium or aluminium. 

The materials that are commonly used.for the organic light emitting layer include 
ccmjugated polymers such as poly-phenylene-vinylene (PPV) and derivatives thereof 
(see, for exaii?>le, WO-A-90/13148), polyfluorene derivatives (see, for exasaple, A. W. 
Grice et al, Appl. Phys. Lett. 1998, 73, 629, WO-A-00/55927 and Bemius et al., Adv. 
Materials 2000, 12(23). 1737), polynaphthylene derivatives andpolyphenanthrenyl 
derivatives; and small organic molecules such as aluminium quinolinol con^lexes (Alq3 
con5)lexes: see, for exaiiq)le US-A-4,539,507) and quinacridone, rubrene and styryl dyes 
(see, for example, JP-A-264692/1988). The orgamc Ught emitting layer can conqjrise 
mixtures or discrete layers of two or more diEEerent emissive organic materials. 

Typical device architecture is disclosed in, for example, WO-A-90/13148; US-A- 
5,512,654; WO-A-95/06400; R.F. Service, Science 1998, 279, 1135; Wudl et al., AppL 
Phys, Lett 1998, 75, 2561; J, Bharathan, Y. Yang, Appl Phys. Lett. 1998, 72, 2660; T.R. 
Hebner et al, Appl Phys, Lett. 1998, 72, 519); and WO 99/48160; liie contents of which 
references are incorporated herein by reference thereto. 

Electroluminescent devices constructed from blended binary systems consisting 
of hole and electron-transporting organic and non-organic semiconductor materials have 
shown high external quantum efficiencies (number of photons emitted to electrons 
injected), Photoluminescence from semiconductor materials occurs by excitons 
radiatively decaying. Excitonis are formed wh^i a hole and an electron recombine within 
the material. It has been shown that efficient charge recombination takes place at the 
heterojunction between hole and electron transporting semiconductor materials. Ideally, 
an electroluminescent device should have an adequate thickness of photo-luminescent 
material within which photoluminescence takes place so that the percentage of injected 
charges useci is maximised. In order to achieve high external quantum efficiency, the 
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active material layd: should consist of at least two components with distributed 
heterojunctions throughout the fihn, to aid charge recombination. It should have short 
-andndirect-ffaii^brtaffonpafhst^^ 
Doaximise Ihe rate 6f irrivii 5f charges at the recombination 'sites. The'anode should be 
c^ped with a hole transp-olting layet and the calhbde With an electron-transporting layer, 
in order.td reduce leakage current to a minimum. Furthermore, there should be a balance 
of hole aud electron transportation from the electrodes to the recombination zone, for 
blends, in order to have the recombination zone in the middle of the active layer, away 
from either electrode, reducing exciton quenching close to either electrode, or in a 
layered structure, to reduce the build xsp of space charge, which increases the need for 
hi^er driving voltages. 



It has been demonstrated that the performance of an eleclroluminescent device 
formed as a mixture of two polymers can be greatly enhanced by controlling the blend 
morphology (see Berggr6n et al. Nature 1994, 372, 444). This is achieved by altering the 
device preparation parameters (solution and substrate ten5)eratures, spin-speeds, solvent' 
saturated atmosphere and by using different solvents). However, sigmficant loss 
mechanisms in these devices are due to leakage current, caused by percolation paths from 
cathode to anode within each con^onent of the blend, an imbalance of Ihe charge 
transportation of holes and electrons to the recombination sites, and a lack of short and 
direct transportation paths from each electrode to the recombination zone within the 
blend. It is therefore desirable to produce new electroluminescent devices conqjrising 
blended systeros consisting of hole and electron-transporting organic semiconductor 
materials havmg a large interfacial area between the semiconductor materials, creating a 
large recombmation zone, and short and direct transportation palhs from each electrode to 
the recombination zone. 

. Polymer brushes have been widely used in polymer physics and chenristty in 
order to understand the physical properties of polymers. For exan^jle, they have been 
used to control surface p^qperties such as adhesion, friction, corrosion resistance and 
.wettability (e.g. seeKLR. ShuU, J. Chem. Phys. 1991, 94(8), 5723-5738). However, they 
have not previously been incorporated within organic electronic devices such as 
photovoltaic devices and electroluminescent devices, nor has there ever been any 



.V/raiidrews/CUTS/(fflP290Q24s.doc ' 



. (SF290024/Cffi s])edficatiaiiAsa/24.04.04 



5 



suggestion that might have led Hie skiUed person to believe that they might be of use for 
this purpose. 

Summary of the Invention 

It is an object of the present invention to provide novel organic electironic devices 
having a blend of at least two semiconducting materials at least one of which is an 
orgamc semiconducting material, in which there is a large interfacial area between said 
semiconductor materials and short and direct transportation paths from each electrode to 
said interfaces. . 

It is a fijrfher object of the preseat invention to jarovide a process for the 
manufacture of these novel organic electronic devices. 

Thus, in a first aspect of the present invention there is provided an organic 
electronic device con5)rising at least two electrodes and a semiconducting layer 

conq)rising a mixture of at least one hole-tiansporting semiconducting material and at 
least one electron-transporting semiconducting material, wherem at least one of said 
semiconducting materials is in the form of semiconducting polymer.brushes which are 
attached to tiie surfece of at least one of said electrodes and are in contact with at least 
.one of said other semiconducting materials. 

The semiconducting polymer brushes used in the devices of the present invention 
give exceUent device characteristics as there is a large interfacial area between said 
polymer brushes and the other semiconducting material (or materials) with which they 
are in contact and they provide short and direct tiransport patiis for electrons and holes to 
or from the electrodes to which they are attached. Contact betsveen the semiconducting 
polymer brushes attached to the electirode and tiie other semiconducting material can be, 
for exanq)le, by intercalation of said second semiconducting material with said 
semiconducting polymer brushes, by growth of said second semiconducting material as 
semiconducting polymer brushes m the gaps between said first semiconducting polymer 
brushes to give an interpenetrating mixed polymer networic and by the polymerisation of 
a second, different monomer from the end of said first polymer brushes to give block co- 
polymer brushes having a bi-layer structinre with direct covalent bonds between the two 
semiconducting components. 
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The organic electronic devices of the present invention are devices that conqjrise 
at least two electrodes and a semiconducting layer which is capable of transporting 

---- chargestelectroiisor-hbles^^ 

. con^^risihg a mixture of at least one hole-tr^ns^g s'eiiiconducting material ^d at ' 
least one electron-transporting semiconducting material at least one of which is an 
organic semiconducting material. Suitable exainples of said devices include 
electroluminescent devices, photovoltaic devices, field effect toansistore and Uquid crystal 
devices. Of these, photovoltaic devices and electroluminescent devices are particularly 
preferred. 

For good charge transport properties and a large inteifacial area with the oth^ 
_jamc^ducttag_<^a^on^^ 

the devices of the present inveation should be as long as possible. Preferably, the 
average length of the polymer brushes should be from 1 mn to 1 Mm, and mort preferably 
the average length of the polymer brushes should be at least 40 nm. 

The semiconducting polymer brushes in the devices of the present invention 
conqnise any semiconducting polymer that can be grown as brushes from the surface of 
an electrode material. Exanples of suitable semiconducting materials tiiat could be 
grown as semiconducting polymer brushes from an electrode surface include: poly- 
^phenylene-vinylene (PPV) and derivatives thereof (see, for exan^Ie, WO-A-90/13148). 
polyfluorene derivatives (see. for example, A. W. Grice, D. D. C. Bradley. M. T. Bemi^ 
M. Inbasekaran. W. W. Wu, and E. P. Woo, JppL Phys. Lett. 1998. 73. 629. WO-A- 
00/55927 and Bemius et al.. Adv. Materials, 2000, 12. No. .23, 1737). polynaphfliylene 
derivatives, polyindenofluorene derivatives, poljphenanthrenjd derivatives'and 
poly(acrylate) and poly(me&acrylate) derivatives having activating pendant side chains 
(see. for exan^le. M. Stolka. D. M. Pai. D. S. Renfer. and J.F. Yanus. Journal of Polymer 
Science Part A-Polymer Chemistiy. 1983, 21. 969; aiid M. Tamada, H. Koshikawa, R 
Hosi. T. Suwa, Hi Usui, A. Kosaka. H. Sato. Polymer. 1999. 40(1 1), 3061-3067). 

Specific.exanq>les of semiconducting polymeric materials that could be grown as 
semiconducting polymer brushes from the surfece of an electrode include polymers 
which include the foUpwing conjugated units of formulae (I), (Vm), (DQ, (X), (XI), 
cm, pan), (XIV) or (XV). Itese poljoners can be homopolytners or cln contain'two 
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or more different conjugated units, e.g. alternating AB copolymers and terpolymers, 
statistical copolymers and terpolymers. 
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(xm) - 




whearein: 

is a group of foimula -(CHjVX-Y wherem 
m is 0 or an integer of from 1 to 6, 

X is a groi^ of fommla (X), (XI), (XII), (Xm). (XIV) or (XV) as defined above 
or a grovq) of formula (H) or (HQ as defined below 




. . (TO m 

wherdn 

n is 0, 1 or 2, 

• p and qL are the same or different and each is 0 or an integer of from 1 to 3, and 
each of R^, R^^ and R^*' is the same or different and is selected from the groiq) 
consisting of alkyl groins as defined below, haloalkyl grotQ)s as defined below, alkoxy 
groiq)s as defined below, alkoxyalkyl gmvps as defined below, aiyl gfovps as deJBned 
below, aryloxy groi^js as defined below, aralkyl groups as defined below and groiq)s of 
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fonnula -COR'^ wherein R^^ is selected from the group consisting of hydroxy groups, 
a]kyl groups as defined below, haloalkyl groups as defined below, alkoxy groups as 
defined below, alkoxyalkyl groups as defined below, aryl groups as defined below, 
arjdoxy groups as defined below, aralkyl groiq)s as defined below, amino groups, 
alkylamino groups the alkyl moiety of which is as defined below, diaUcylamino groups 
^erdn each alkyl moiety is the same or different and is as defined below, aralkyloxy 
groups the aralkyl moiety of which is as defined below and hgloalkoxy groups 
comptising an alkoxy group as defined below which is substituted with at least one 
halogen atom, 

or, where n, p or q is an integer of 2, the 2 groins R^, R^" or R^' respectively 
may, together wifli the ring carbon atoms to which they are attached, form an aryl group 
as defined below or a heterocyclic groiq> having firom 5 to 7 ring atoms, one or more of 
said ring atoms being a heteroatom selected firom the groiq) consisting of nitiwgen, 
oxygea and sulfbr atoms, and 

Y is selected fix)m the group consisting of a hydrogen atom, R'"', NEER and 

NR^^R^', wherein 

r" is selected from the group consisting of alkyl groups as defined below, 
haloalkyl groiqjs as defined below, alkoxy groups as defined below, alkoxyalkyl groups 
as defined below, aryl groups as defined below, aryloxy groups as defined below, aralkjd 
groups as defined below and groups of formula -COR^** wherein R'^ is as defined above, 
and 

each of R^* and R^' is &e same or dififerent and is selected from the group 
consisting of aryl groins as defined below and aralkyl groups as defined below; 

R^.is selected from the group consisting of group consisting of hydrogen atoms, 
alkjd groups as defined below, haloalkyl gcoiaps as defined below and alkoxy groups as 
defined below; 

each of R^ to R'^ and R" to R^' is the same or different and is selected from the 
group consisting of alkyl g^nps as defined below, haloalkyl groups as defined below, 
alkoxy grotq)S as defined below, alkoxyalkyl groiq)s as defined below, aryl groups as 
defined below, aryloxy groups as defined below, aralkyl groups as defined below and 
groups of formula -COR^* wherem R^^ is as defined above. 
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or, where r or s is an integer of 2, the 2 groups R^^ or R^^ respectively may, 
together with the ring carbon atoins to which they are attached, form a heterocycHc group 
"haviiigfrbmTfo7n£gatoi^^ 

selected from the"group consisting of nitrogen, oxygen and sulfur atoins; 

each of and Z' is the same or different and is selected from the groxq) 
consisting of O, S, SO, SO2, m.\ N*(R^)(R3"), C(R^(R^ Si(R*:)(R5:) and P(O)(OR«0, 
wherein R^ R^' aad R^" are the same or differeat and each is selected from the groiq> 
consisting of hydrogen atoms, alkyl groiq)s as defined below, haloalkjd groi^js as defined 
bdow, alkoxy groiq)s as defined below, alkoxyalkyl gioiq>s as defined below, aryl groxqjs 
as defined below, aryioxy groiq)s as defined below, aralkyi groups as defined below, and 

.. jMggaeg asd^ed-Mow wbich.arfi.substituted-wi1h.at.least one-gFoup-of-formula- 

-Nr(R')3 -wherein each groiqj R^ is the same or different and is selected from the group 
consisting of hydrogen atoms, alkyl groups as defined below and aryl groups as defined 
below, R* R^ R*' and R^' are the same or different and each is selected from the group 
. consisting of hydrogen atoms, alkyl groxxps as defined below, haloalkyl groi5)s as defined 
below, alkoxy gcovps as defined below, halogen atoms, nitro groins, cyano groups, 
alkoxyalkyl groups as defined below, arjd groups as defined below, aryioxy groiq)s as 
defined below and aralkyl groups as defined below or R'* and R^ to gether with the carbon 
atom to which they are attached represent a carbonyl group, and R*' is selected fiom the 
group consisting of hydrogen atoms, alkyl groiq)s as defined below, haloalkyl groxq)s as 
defined below, alkoxyalkyl grotq)s as defined below, aryl groups as defined below, 
aryioxy groups as defined below and aiaikyl groups as defined below; 

each of X\ and X* is tiie same or different and is selected from 

arjdene groiqjs which are aromatic hydrocarbon grovps having from 6 to 14 
carbon atoms in one or more rings which may optionally be substituted by at least one 
substituent selected from the group consisting of nitix) groups, cyano groups, amino 
^ups, alk3d.groTq)s as defined below, haloalkjd gcovps as defined below, alkoxyalkyl . 
groups as defined below, aryioxy groups as defined below aid alkoxy groups as defined 
below; 
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straight or branched-chain allcylene groups havinjg from 1 to 6 carbon atoms; 
straight or branched-chain alkenylene groups having from 2 to 6 carbon atoms; 
and 

straight or branched-chain alkynylene groups having from 1 to 6 caAon atoms; or 
X' and together and/or X^ and X* together can represent a hnking group of 
formula (V) below: 



(V) 

wherem X' represents an arylene group which is an aromatic hydrocarbon group 
having from 6 to .14 carbon atoms in one or more rings which may optionally be 
substituted by at least one substituent selected from the group consisting of nitro groups, 
cyano ^oxxps, ammo groups, alkyl groups as defined below, haloalkyl groups as defined 
below, alkoxyalkyl groups as defined below, aryloxy groiq)S as defined below and alkoxy 
groups as defined below; 

each of el, e2, fl and fZ is Ihe same or different and is 0 or an integer of 1 to 3; 

each of g, ql, q2, q3 and q4 is the same or different and is 0, 1 or 2; 

each of hi, h2, jl, j2, j3, 11, 12, 13, 14, r and s is the same or different and is 0 or an integer 

of 1 to 4; 

each of i, kl, k2, ol and o2 is the same or different and is 0 or an mteger of 1 to 5; 

and 

each of pi, p2, p3 andp4 is 0 or 1; 

the alkyl groups above are straight or branched-chain alkyl groiq>s havmg from 1 

to 20 carbon atoms; 

the haloalkyl groups above are alkyl groups as defined above which are 

substituted with at least one halogen atom; 
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the alkoxy groups above are straight or branched-chain alkoxy groiqjs having 
from 1 to 20 carbon atoms; 



-the alkoxyallcyl^oups aB5ve afe idkj^r^^ups as defined above which are 



substifu^ with at least We alkoxy groiqj'^ defiiied above; and 

the aryl groiq) above and the aryl moiety of the aralkyl groups (which have from 1 
to 20 carbon atoms in the alkyl moiety) and the arjdoxy groiqjs above is an aromatic 
hydrocarbon groiq) having from 6 to 14 carbon atoms in one or more rings which may 
optionally be substituted with at least one substituent selected from the groiq, consisting 
of nitio groiq)s, cyano groups, amino gro^s, alkyi groiqjs as defined above, haloalkyl 
groups as defined above, alkoxyalkyl groups as defined above and alkoxy groups as 
defined above. 



The particularly preferred semiconducting polymers brushes for use in 
photovoltaic and electroluminescent devices of the present invention include 
homop6lymeric brushes which comprise groups of formulae (I), (VHI), (DC), (X), (XIV) 
or (XV), examples of which include poIy(4-diphenylaininobenz3d methacrylate), PPV, 

poly(2-me(hoxy-5-(2'-ethyl)hexyloxy-phenylene-vinylene)(«MEH-PPV"),PPV 
derivatives such as diaJkoxy and diaikyi derivatives, polyfluorene derivatives and related 
copolymers; andihe most preferred polymers include PPV, MEH-PPV, poly (2,7.-(9,9-di- 
n-hexylfluorene)), poly (2,7-(9,9-di-«-octymuorene)), poly (2,7-(9,9-di-«-octylfluorlne)- 
(l,4-phenylene-((4-jec-butylphenyl)imino)-l,4-phenylene)) CTEB"), and poly (2,7-(9,9- 
di-n-octylfluorene)-3,6-benzothiadiazole)CT8BT"). 

The other semiconducting material (or materials) liiat is in contact wilii ..tiie 
polymer brushes of the devices of the present invention can be an organic or inorganic 
semiconducting material, more preferably it is an organic semiconducting material and 
most preferably it is a semiconducting polymeric material. The choice of semiconducting 
material will vary depend iq>on factors such as the nature of the organic electronic device, 
and the identity and properties of the semiconducting polymer' brushes attached to the 
electrode snnfece. Tlius. for exan^jle, if the semiconducting polymer brushes are hole- 
transporting polymer brushes that are attached to the anode of a photovoltaic device, then - 
the other semiconducting material (or materials) that are in contact with said polymer 
brushes must be electx>n-tiansptorting to provide a palJi for tiie electrons to the cathode. 
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Preferred exan^les of the other semiconducting material lhat is in contact with 
the semiconducting polymer brushes include: bonjugated polymers such as poly- 
phenylene-vinylene (PPV) and derivatives thereof (see, for example, WO-A-90/13148), 
polyfluorene derivatives (see, for example, A. W. Grice. D. D. C. Bradley, M. T. Bemius, 
M Mbasekaran, W. W. Wu, and E. P. Woo, Appl. Phys. Lett. 1998, 73, 629, WO-A- 
00/55927 and Bemius et al.. Adv. Materials, 2000, 12, No. 23, 1737), polynaphthylene 
derivatives, polyindenofluorene derivatives and polyphenanthrenyl derivatives; and small 
organic molecules such as aluminium quinolinol con:5>lexes (Alq3 conq?lexes: see, for 
example US-A-4,539.507). perjdene and derivatives thereof; conqjlexes of transition 
metals, lanthaaides and actinides with organic Ugands such as TNfflD (see V70-A- 
00/26323) and quinacridone, ruhrene and styryl dyes (see, for example, JP-A- 
264692/1988); the contents of which references are incorporated herein by reference 
thereto. 

Specific exan5)les of preferred semiconducting polymeric materials that are in 
contact with the semiconducting polymer brushes include polymers which include the 
conjugated units of formulae (VUI), (K), (X), (XI), (XII), (Xm), (XIV) or (XV) as 
defined above. These polymers can be homopolymers or can ccmtain two or more 
different conjugated units, e.g. alternating AB copolymers and terpolymers, and statistical 
copolymers and terpolymers. 

The particularly preferred semiconducting polymers for use in photovoltaic and 
electrolummescent devices of the present invention include homopolymers, copolymers 
and terpolymers which comprise groups of formulae (Vm), (IX), (X), (XIV) or (XV), 
examples of which include PPV, poly(2-methoxy-5-(2'-ethyl)hexyloxyphenylene-. 
vmylene) ("MEH-PPV"), PPV derivatives such as dialkoxy and diallcyl derivatives, 
polyfluorene derivatives and related copolymers; and the most preferred polymers 
mclude PPV, MEH-PPV, poly (2,7-(9,9-di-n-hexyifluorene)), poly (2,7-(9,9-di-n- 
octylfluorene)), poly (2,7-(9,9-di-«-octylfluoreneHl,4-phenylene-((4-^ec-butylphenyl)- 
• imino>l,4-phenylene)) CTFB"), and poly (2,7-(9,9-di-»-octylfluorene).3,6-benzo- 
thiadiazole) C'FSBT")- The most preferred semiconducting small organic molecules 
include Alq3 complexes andperylene and derivatives thereof. 
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At their most basic, the organic electronic devices such as organic photovoltaic 
devices and organic electroluminescent devices generaUy coii5)rise semiconducting 
---polynier bnisherwBia- aie^^ 

contact with' at le^t one further semiconducting material.' one'ofAel^terials being hole 
transporting and the other being electron transporting, hi organic photovoltaic devices 
and organic electroluminescent devices of the present mvention, the anode is typically a 
transparent tin-doped indium oxide (ITO)-coated glass substrate. Zirconium-doped 
indium oxide (AppUed Physics Letters. 78 (8) 1050 (2001), Kim, H et al) and aluminium- 
doped zmc oxide (Apphed Physics Letters, 76 (3) 259 (2000), Kim H et al) fihns have 
also been used as the anode. Alternatives as the anode material that have also been tried 
i nclude: ti tanium nitride [A dvanced Mat erials. 11 (9) 7?.7 (IQQQ) A^^^mo^^^h V, etol.]; 
high work function transparent conducting oxides including Ga-hi-Sn-O and Zn-In-Sn-O 
[Advanced Materials, 13 (19) 1476 (2001), Cui. J., et al]; polymeric materials such as 
polystyrenesulfonic acid-doped polyaniline [AppUed Physics Letters, 70 (1 6) 2067 
(1997), Carter S A et al, and ^pUed Physics Letters, 64 (10) 1245 (1994) Yang Y et 
al.]. 

The cathode can be formed fix)m any material typicaUy used for this purpose in 
electroluminescent devices and photovoltaic devices. Exan5)les of suitable materials 
include low work function metals such as potassium. Uthium, sodium, magnesium, 
lanthanum, cerium, calcium, strontium, barium, alummium, silver, indium, tin, zinc and 
zirconium, and binary or ternary alloys containing such metals. Of these, successive 
layers of aluminium and calcium and aluminium-calcium alloys containing fiom 1 to 
20% by weight of calcium are preferred. 

Typical device architecture for electroluminescent devices is disclosed m, for 
example. WO-A-90/13148; US-A-5.5 12.654; WO-A^95/06400; R.F. Service. Science 
1998, 279. 1 135; Wudl et al.. Appl. Phys. Lett. 1998, 73, 2561; J. Bharathan. Y. Yang, 
Appl. Phys. Lett 1998, 72, 2660; T.R. Hebner et al, Appl. Phys. Lett. 1998; 72. 519); Ind 
WO 99/48160; the contents of ^ch references are mcoiporated herein by reference 
thereto. Typical device arcMteoture for photovoltaic devices is disclosed in, for example 
R. H. Friend at al.. Nature. 1998. 395, 257; C. J. Brabec et al., App. Phys. Lett. 2000, 78. 
841; A. C. Arias et al., Macrbmolecules, 2001. 34, 6005; H. J. Snaith et al.. Nano. Lett. 
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2002, 2, 1353; A. C. Arias et al., Appl. Phys. Lett, 2002, 80, 1695; and J. R. Heflin et al., 
Appl. Phys. Lett., 2002, 4607; the contents of which references are incoiporated herein by 
reference thereto. 

The deposition of high work function organic materials on the anodes of the 
devices of the present invention, such as poly(styrene snlfonate)-doped poly (3,4-ethylene 
dioxythiophene)(PEDOT/PSS),N,N'-diphenyl-N,N'<2-naphthyl)-(l,l'-phenyl)-4,4'^ 
diamine (NBP) andN,N'-bis(3-methylphenyl)-l,l'-biphenyl-4,4'-diamine (TPD), 
provides "hole transport layers which feciUtates, for example, the hole injection into tiie 
light emitting layer of the electrolinninescent devices of the present invention. These 
layers' are eiTective in increasing the number of holes introduced into the light emitting 
layer of eleclroliiminescent devices and increasing the number of electrons collected at 
the anode of the photovoltaic devices of the present invention. 

In some devices, an electron transport layer may also be provided between the 
cathode and the semiconducting layer (e.g. suitable conq)ounds include oxides of alkaU 
metals, alkaline earth metals or lanfhanoid elements having a work function of up to 4 
eV, such as those disclosed in EP-A-1009045). These faciUtate, for exan5>le, the electron 
injection into flie Ught emittmg layer of the electroluminescent devices of tiie present 
invention so that they transport electrons stably from tiie electron injecting layer and they 
obstruct holes. Particularly preferred are strontium oxide, magnesium oxide, calcium 
oxide, lithium oxide, rubidium oxide, potassium oxide, sodium oxide and cesium oxide. 

In tiie devices of the present invention, the semiconducting polymer brushes are 
"attached" to the surface of at least one of the electrodes of said device. By tiiis we mean 
that the semiconducting polymer brushes are either: 

(i) directiy bonded to atoms in the surface of said electrode; 

(ii) bonded to atoms in the surfiace of a hole transport layer or electron transport layer 
coated on said electrode; or 

(ii) bonded to tiie end of tiie molecules in a self-assembled monolayer (SAM) of, for 
example, thiol or siloxane molecules adsorbed on or bonded to the surface of said 
electrode or said hole tiraosport layer or electron transport layer (see, for esxmsple, Jones 
et al, Langmuir 2002, 18, 1265-1269) 
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The photovoltaic devices and electrolmninescent devices of the present invaition 
may typically have the stacked configuration of substrate (e.g. glass), an anode. 
--semiconducting-p-olymCT-brusKes-Wdh^ 
semiconducting -matenal- (or materials) intercalated ^&laid polymer brushes, and a 
cathode on top of the further semiconducting material. AlteSiatively. the device may 
have the inversely ^cked configuration of substrate, a cathode, semiconducting polymer 
brushes attached to the surface of said cathode, a fiarther semiconducting material (or 
materials) intercalated witii said polymer brushes, and an anode on top of the fiather 
semiconducting material. 

_^afiirtti« aspe ct of th e present inyaitiOTi, aereis.pipyided.a.process-for.the 



manufacture of an organic electix>mc device comprising at least two electrodes and a 
semiconducting layer conqirising a mixture of at least one hole-transporting 
semiconducting material and at least one electron-transporting semiconducting material, 
said process con^rising: 

(a) coating a substrate wifli a material to form one of the electrodes; 

(b) optionally coating the electixjde thus formed with a self-assembled monolayer 
end-capped with an initiator groijp; 

(c) bringing the electrode, optionally coated with the self-assembled monolayer 
produced in step (b), into contact witii a solution of a monomer under conditions suitable 
for the growth of polymer brushes conqjrising said monomer unit from the surfece of said 
electrode; - ' 

(d) treatingthepK)ductofstep(c)insuchawayastoproduceaproductinwhichflie 
polymer brushes are in contact with at least one fiirfher semiconducting material; and 

(e) coating a material on the top surface of flie produbt of step (d) to form the fiirther 
electrode. 

Hie organic photovoltaic devices and organic electix>luminescent devices of the 
present invention are typically manufactured by first coating tiie anode material on a 
substrate (e.g. glass), typically by sputtering or evaporation. The devices can be 
fabricated with a semi-transparent anode, for exan^jle indium tin oxide. Optionally a 
self-assembled monolayer (SAM) of, for example, fliiol or siloxane molecules is 
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deposited on the surface of said anode. The molecules of the SAM are end capped with 
an initiator group (e.g. a bromine atom) that is on the upper surface of the SAM (see 
Figure 1) that can react with the monomer units that form the start of growing 
semiconducting polymer brush. The typical thickness of the SAM is from 1 to 1 0 nm, as 

measured by ellipsometry. 

Amonomsr solutionis then precq)itated on the anode (that has optionaUy been 
coated with a SAM), resulting in the monomer polymerising after initiation by reaction 
with atoms in the surface of the anode itself or with the initiator group at the end of llie 
SAM to give semiconducting polymer brushes attached to liie anode surface. These 
bnishes can range from Imn to over 1 micron in length (see Figure 2). The polymer 
brushes are produced by surlEace-initiated polymerisation of monomers. Bxaiiq>les of 
suitable "Uving" polymerisation techniques to grow polymer brushes from the surfece 
include cationic (Jordan et al, J. Am. Chem. Soc. 1998. 120, 243), anionic (Jordan et al, J. 
Am. Chem. Soc. 1999, 121, 1016), ling-opening (Week et al. J. Am. Chem. Soc. 1999, 
121, 4088), nitroxide-mediated (Husemami et al, Macromolecules 1999, 32, 1424) and 
atom transfer radical polymerisation (ATRP) (Huang and Wh, Macromolecules 1999. 
32, 1694). 

The substrates, with the polymer bnishes attached, then have at least one other 
semiconducting component coated upon them. Tlie coating method can be any technique 
suitable for such a coating process, typical examples including spin coating, blade 
coating, drop casting or inlqet printing. The resulting structure comprises 
semiconducting polymer bHishes which are intercalated with the forliier semiconducting 

material(s) coated upon them. 

The cathode material such as calcium, aluminium or magnesium is then coated 
onto the top of the active layer. Typically, either an ev^oration process or a sputtering 
process is used. 

The resulting structure of the active semiconducting layer is of one material (the 
polymer brushes) predominantly in contact with the anodie. This material interpenetrates 
the at least one other active semiconducting con5)onent (or con^wnents), which is 
predominantly in contact with flie cathode (see Figure 3). 
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In the photovoltaic devices of the present invention, this Structure provides 
distributed heterojunctions to aid charge separation, and short and direct transportation 
- -paths to each electrode within eacTcomponra^^ 

exti:acfi6n;Tn tfie'elecfroluminescent devices of'the present invention, this stnictoe' 
provides a large interfacial area between the two components, to aid charge 
recombination, and short and direct t-ansportation paths to the reconibination zone within 
each component of the active layer. It also provides a coping of the anode with hole 
transporting material and tiie cathode with electron transporting material minimising the 
leakage cuixent 

QptionaUy, high work function organic materials may be deposited on the anodes 
oflfae devices of the present invention, such as polvf stvrene sulfonate)4oped.poLy_(3,4=^ 
elliylene dioxylhiophene) (PEDOT/PSS). N,N'-diphen3d-N,N'-(2-naphtiiyl)-(l,r-phenyl)- 
4.4'-diamine (NBP) and N,N'-bis(3-me1iiylphenyl)-l,l'-biphenyl-4,4'-diamine (TPD), 
providing '^ole tiansport" layers. The semiconducting polymer brushes are then grown 
from the surfece of said hole tiansport layer. It may be necessary to JSrst treat the surface 
of the hole transport layer to produce reactive groiqjs on said surface that can either react 
witii the monomer units foiming the polymer brushes or be treated to form a SAM 
lliereon. In the case of PEDOT/PDD, for example, it may be treated with oxygen plasma 
to give dangling hydroxyl groups that can then react witii siloxane molecules having an 
end-c^yping initiator group. 

In an alternative reverse-stacked configuration, the substrate can first be coated 
witii a catiiode material, semiconducting polymer brushes can be attached to flie surface 
of said cathode in a similar manner to fliat described above for attachment of polymer 
brushes to tiie anode, a further semiconducting material (or materials) is intercalated with 
said polymer brushes, and an anode is then deposited on top of tiie further 
semiconducting material. 

Altranatively the active layer can comprise mixed polymer brushes. IVfixed 
polymer brushes can be grown from tiie electrode suifece or flie self-assembled 
monolayer by first polymerismg one monomer and flien polymerising a second. This 
results in molecularly mixed brushes. If botii brushes have different fimctional groups, 
for example a poly(methyhnefliacrylate) backbone witii triarylamine pendant side chams 
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and a poly(niethylmethacrylate) backbone with perylene pendant side chains, then an 
interpenetrating network with close contact would be obtained, obviating &e need for a 
second layer to be percolated through the first layer of brushes (see Figure 4). 

In another alternative, block co-polymer brushes can be grown from the pre- 
prepared substrates, by first polymerising one monomer from the surface of the electrode 
or from the self assembled monolayer and then polymerising a second monomer from the 
end of the first polymer brush. If the bottom block is hole conducting and the top block 
is electron conducting, this wiU result in a bi-layer structure with molecular contact 
between the two con5)onents (see Figure 5). In electroluminescent devices, the l^gth of 
each block can be tailored with respect to Ihe intrachain mobility of the polymer, such 
that flie holes and electrons meet at the hetero junction of each block copolymer at the 



same time. 



Co-polymerization can be used to grow long polymer brushes consisting of 
different polymers. A layer of semiconducting material can be percolated through the 
layer of brushes to obtain a similar structure to tiiat shown in Figure 3, apart fixjm having 
co-polymer brushes which conduct one species of charge. In photovoltaic devices, if the 
different polymers wilhin the brushes have a range of absorption spectra over the solar 
spectrum, then the final device can be more efficient at converting photons to charges 
over tiie solar specti^lm In electroluminescent devices, the colour of the emitted light 
can be tailored by having different lengths of each block, which emit at different parts of 
tiie spectrum. 

The present invention may be further understood by consideration of the 
following exanq>les, with reference to the following drawings in which: 
Figure 1 shows a schematic representation of an anode coated glass substrate with self- 
assembled monolayer adsorbed or bonded to the surface, the Ught grey oblong part 
representing the thiol or siloxane molecules of the SAM. and the black circles represent 
the initiator end group; 

Figure 2 shows a schematic representation of polymer brushes grown from the pre- 
prepared substrate shown in Figure 1 ; 
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Figure 3 shows a schematic representation of the structure of a photovoltaic device or 
electroluminescent device of the present invention, the dotted region representing a 

■--secton^seimcon^fingm^ 
TiguEe^lEbwiTiShematic representation of fte'^tlSre of a photovoltoic deW^ or 
electroluminescent device having a mixed brush layer attached to a pre-prepared 
substrate, the black brushes representing one active semiconducting conqjonent and the 
grey brushes representing at least one other active semiconducting conqwnent; 
Figure 5 shows a schematic representation of the stiicture of a photovoltaic device or 
electroluminescent device having a block co-polymer brush layer attached to a pre- 
prq)ared substrate, the black brushes representing one active semiconducting component 

_andJhe^greybrushes_retg^mtogatlea§LoAej)t^^^^ 
grown from the end of the first component; 

Figure 6 shows a plot of absorption coefBcient against wavelength of poly(4- 
diphenjdaminobenzjd methacrylate) (solid line) and perylene (dotted line); 
Figure 7 shows external quantim efficiency spectra for a polymer blend photovoltaic 
device having a semiconducting layer comprising poly(4-diphenylaminoben2yl 
mefliacrylate) and perylene (dotted line), and a polymer brush photovoltaic device of the 
present invention having poly(4-diphenylaminobenzyl methacrylate) brushes intercalated 
with perylene (solid line); and 

Figure 8 shows an AFM spectrum image of a polymer brush fihn grown from an ITO 
substrate, which was subsequentiy used for apolymer ijrush photovoltaic device of the 
present invention having poly(4-diphen)daminobenzyl mefliacrylate) brushes intercalated 
wifli perylene and comparative spectra for a con?)lete covering of brushes grown from a 
silicon substrate and a clean ITO substiate. 

Exanqile 1 

Monomer preparation: synthesis of 4-diphenylaininobeii2yl acrylate monomer . 
and 4-diphenylaminobenzyl methacrylate monomer 

A solution of 4-(diphenylamino)ben2aldehyde (25 g, 92 mmol) in dry THF (100 
mL) was added dropwise to a molar excess of a solution of LiAlH* (5 g, 132 mmol) in 
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dry THF (80 ml) at room temperature mder a nitrogen atmosphere. After three hours 
stirring, at room temperature, under a nitrogen atmosphere, the reaction mixture was 
quenched by the addition of demineralised water. The reacti.on mixture was filtered and 
the THF layer was removed by rotary evaporation. The soUd, in water, was dissolved in 
DCM and the organic layer was collected. The aqueous layer was extracted with DCM 
and the organic layers were collected and combined and then washed with brine. The 
organic layer was coUected, dried over anhydrous MgS04. filtered, and the solvent 
evaporated to yield the soUd product, 4-diphenylammoben2yl alcohol (24.5 g, 89 mmol, 
97% yield). 

A solution of acryloyi chloride (7.2 ml, 89 mmol) in distilled DCM ( 20 ml) was 
added dropwise to a mixture of 4-diphenylaminobenzyl alcohol produced above (24 g, 87 
nmjol) and tiiethylamine (distilled prior to use over KOH) (13 ml, 93 mmol) in distilled 
DCM (200 ml) at room ten5)eratiire under a nitrogen atmosphere. After 18 hours stirring, 
at room ten5)erature,underanitrogea atmosphere flie reaction mixture was quenched by 

the addition of 0.01 M HCl (aqueous). The organic layer was collected and Ihe aqueous 
layer was extracted with DCM. The organic layers were collected and combined and 
then washed with a saturated NaHCOa solution (aqueous), followed by a wash with brine. 
The organic layer was collected, and dried over anhydrous MgSO* and filtered. Some 
solvent was then evaporated to concentrate the solution and the solution was run though a 
plug of siUca. The solvent was then completely evaporated to yield ihe soUd yellow 
product, 4-diphfinylammobenzyl acrylate inonomer (27.5 g, 84 mmol, 96% yield). 

Usmg a sunilar procedure in which the 4-diphenylammobenzyl alcohol was 
reacted with methacryloyl chloride in place of acryloyl chloride, it was also possible to 
synthesise 4-diphenylancunobenzyl methacrylate monomer. 

Example 2 

SUane initiator synthesis - synthesis of 2-bromo-2-methyl-propiomc acid 

3-trichlorosilanyl-propyl ester 
2-bromoisobutyrylbromide(1.85ml, 15 mmol), was added dropwise to a stirring 
solution of alljd alcohol (1.02 mL, 15 mmol) and triefhylamine (2.51 ml, 18 mmol), in 
DCM (10 ml) at 0 »C, under a nitixjgen atinosphere. The solution was stirred for 1 hour at 
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0 "C, the temperature was raised to room temperature and the reaction mixture was then 
stiixed for another 3 hours, aU under a nitrogen atmosphere. The precipitate was then 
— Temoveid-by-fillTation;me ofgamc layer wisl^^ 

wasEWtS water." The organic layer was thendied with anhydrous MgS04'andthe 
solvent evaporated on a rotary ev^orator. The product was then purified by coluimi 
chromatography (silica column) using 9:1 hexanerethyl acetate as the eluant The solvent 
was then evaporated to yield the clear, Uquid product prop-2-enyl-2-bromo-2-mefh3d 
propionate (1.72 g, 55% yield). 

To a dry flask under a dry nitrogen atmosphere was added lie prop-2-enyi-2- 
bramo-2-methyl propionate (0.97 g) prepared above and trichlorosilane.(15 ml). A 
solu tion of hexa chloroplatinic ^id (21 mg) in a 1:1 (v/v) nrixture of fttTiannT ^t,^ i ?- 



dimethoxyethane (3.75 ml of mixture) was added dropwise to the reaction mixture. The 
reaction was stirred in the dark, under a dry nitrogen atmosphere for 18 hours. Dry 
tohiene (5 ml) was then added and firee trichlorosilane removed mder reduced pressure. 
Dry DCM (20 ml) was added and then removed under vacuum to remove aU remaining 
trichlorosilane. The resulting product was distiUed using a Kugelrohr distillation 
apparatus (200 °C, about 1 1 mm Hg) to give the title product, 2-bromo-2-melliyl- 
propionic acid S-trichlorosilanyl-propyl ester as a clear, liquid (0.42 g, about 26% yield) 

Example 3 

Substrate preparation: preparation of ITO-coated substrate having a SAM and 
TTO-coated substrate with a PEDOT/PSS layer having a SAM 

(a) rro 

First, glass pre-coated with ITO Qjurchased from DonneUy, Mc.) was cleaned by 
sonicating in acetone (Iftnins), then sonicating in dichloromethane (10 mins) and finaUy 
sonicating in water (5x2 mins). The substi^te is psa made hydrophilUc by ti-eating with 
a 5:1:1 water:ammoma:hydrogen peroxide mixture for 1 hour at 70 "»C [alternatively, the 
substrates could be made hydrophillic using an oxygen plama treatinent (approximately 
30sec at lOOW)]. At the end of this time, flie substirate was cleaned, dried, washed with 
water, dried with a nitrogen gun and then baked in an oven at 100 °C for 2-4 hours. 
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A self-assCTibled monolayer (SAM) of the initiator prepared in Example 2 above 
on the hydrophilic ITO-coated substrate obtained above was then prepared either by 
reacting with said initiator in si^CTcritical CO2 or by reaction in an solution of said 
initiator in toluene: 

(i) Supercritical CO2: The ITO slides prepared above were placed in a 10 ml stainless 
steel high pressure vessel. The silane initiator prepared in Example 2 above (about 2 
microlitres) was added to the vessel, and the vessel was filled with CO2 (1000-3000 psi) 
and heated to the necessary temperature (20-40 °C), After reaction, the substrate was 
rinsed by fining the cell with CO2, and the ITO-coated substrate having a SAM of 
siioxane molecules were then stored in a dessicator until use. 

(ii) Using an intiator solution: A 1 mM solution of the silane initiator prepared in 
Example 2 above in dry toluene (1 5 ml) was made up and pushed through a miUipore 
filter into a dish containing the ITO slides prepared above. If necessary more toluene was 
then added to completely cover the slides. Optionally, triethylamine (25 -50 microUtres) 
was then added to the dish. The dish was covered and left at room temperature for a 
period of time rangmg firom 1 hour to 10 days. After that time, the slides were removed 
firom the solution and were then, sequentially, washed with toluene, sonicated in toluene, 
washed with acetone, washed with ethanol and then dried using a stream of xdtrogen. 
The rrO-coated substrate having a SAM of the siioxane molecules were then stored 
under nitrogen until fiirfher use. 

(b) ITO coated with PEDOT/PSS 

First, a glass substrate coated witih ITO was cleaned and oxygen plasma treated as 
in 3(a) above. The ITO-coated substrate thus obtained was then spin coated wilii 
PEDOT/PSS firom an aqueous solution thereof at 4000 ipm for 60 seconds (the ratio of 
PEDOT : PSS in the solution was 1:16). The PEDOT/PSS-covered ITO-coated glass 
substrate thus obtained was then baked at 120 ^'C for Ihr. At the end of this time, the 
PEDOT/PSS surface was oxygen plasma treated for 30 seconds at lOOW to give dangling 
hydroxy groups on the PEDOT/PSS surface. 

A poly(dimethylsiloxane) (PDMS) stamp was wetted with a hexane solution of 
the initiator produced in Example 2 above. Tlie wetted PDMS stamp was pressed gently 
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on the PEDOT/PSS surface for 1 minute under atmoq>heric conditions resulting in 
covalent .bonding of the siloxane initiator with the dangling hydroxy groiqjs on the 
- -PEDOT/PS^S sufface-to-£ve ffie^^ 

to deposit the SAMVy soakiig the 'subst^te in a dilute solution of"the dlane initiator in a 
manner similar to that described above for the ITO-coated subsHate. 

£xanq>le4 

Polymer brush groiirth: growth of poly (4-dlphenylaiiimoben2yI acrylate) brushes 
and poly (4-diphenylaniinobenzyl methaciylate) brushes on pre-prepared substrate 

The monomer (4-dq)henylamino bgizyl a c rylate or 4-dip hea)daminobenzyl 

methacrylate) pJ^ared 'iii Ex'anq>le 1 above was dissolved in solvent (usuaUy DMF) at 
room temperature (althougji heating to say 90 «C is typically necessary to completely 
dissolve the monomer), to give a solution having a concentration of proximately 1 g/ml. 
A Ugand. usually N;sr,N'.N'.N"-pentamefliyldiethylenetiiamine (PMDTA) was added 
foUowd by an inhibitor, usually copper (11) bromide. The air in the solution was then 
replaced with nitrogen by bubbling nitrogen through the solution. A catalyst, usually 
copper (I) bromide, was then added to the solution thus obtained. 

Separately, one of the substrates with a SAM prepared in Example 3 above was 
then taken and placed in a Schlenk tube, and the air in the tube replaced with nitrogen by 
conducting a number of evacuation/reffll cycles. The polymerisation solution prepared 
above was then transferred into Ihe Schlenk tube containing the substrate as soon as the 
catalyst had been added. The polymerisation reaction mixture thus obtained was aUowed" 
to react for some lime at a suitable temperature (typically, for 90 niins at 90 «'C) under a 
nitrogen atmosphere. At the end ofthis time, the substrate was removed from the tube by 
washing out with dichloromethane and washed with solvent (e.g. dichloromefhane) to 
give the desired substrate coated with brushes of poly (4-diphen3daminoben2yl acrylate) 
or brushes of poly (4-diphenylaminobenzyl methacrylate). 
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Example 5 

Coating brushes with a 2"'' component: coating of substrates produced in Exanq»le 4 
with perylene 

(a) 1^ method: Drop Casting Method 

Perylene was dissolved in p-xylene (a poor solvent for perylene but a good 
solvent for the brushes) such that the solution was oversaturatedandnotalltiieperjdene 
was dissolved!. The solution was then heated at 70 °C for 1 hour until all the perylene had 
dissolved. The brushes on the surface of the substrate prepared in Example 4 above were 
coated with liie hot solution causing the brushes to swell (this can be done in a saturated 
atmosph^ to reduce the rate of solvent evaporation). As the solution cooled, and over 
time (e.g. 30 minules), the perylene started to fall out of solution, aggregating about the 
brashes forramg an integrated netwodc and thus produced the desired product with the 
perylene con?,onent int^calated wilh the polymer brushes of the product. The volume of 
solution used in this drop casting method used can be varied 1x> form a desired thickness 
of fihn. A typical fihn thickness of 200 nm was achieved wilh a p-xylene solution having 
a concentration of 6g^tre, 0.15 ml of said solution being deposited on a 12 mm by 12 
mm square substrate. Alternatively it can be advantageous to use more solution and a 
more concentrated solution than necessary to form a desired tiiicfaiess of fihn. With tiie 
latter, spinning the substrate to remove excess solution can take place after a designated 
time (typically, in the region of 10 minutes). 

(b) 2"** method: Spin Coating Method 

This involves spin coating from a solvent common to both perylene and the 
brushes. The perylene was first dissolved in a suitable solvent such as chloroform, p- 
xylene or toluene. The brushes of the substrate prepared in Example 4 were tixen coated 
with the solution thus obtained and the substrate was spun at a pre-determined rate in 
order to achieve tiie desired thickness of film. For exanqjle, a solution of perylene in 
chlorofoimhaving a concentration of 25 g perylene/Utre was spun at 1500 ipm for 1 
second to give a fihn thickness of approximately 100 nm The solution can be left on die 
brushes for a certain period of time before spinning in order to allow the perylene to 
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inteipeaetrate the brushes. If the peryiene prefers the solveut to brushes, it is likely to 
form a bi-layer with the brushes coUapsed beneath the top peryiene layer (which is not 
•aavahageous?:" Ifrhow^v^&e~p^l^^rif^"iiib^ esi it^yfo^^^ ^ted 
network as peryiene aggregates about brushes. It may be advantageous to use a mixture 
of solvents in order to achieve this regime, for cxmaple chloroform containing 1% 
methanol. 

(c) 3"* method: Alternative Spin Coating Method 

The brushes of the substrate prepared in Example 4 were coated with a solution of 
parjlene in chlofonn or p-xyiene. This was &en spun instantly for a short time, typically 
J_second. This is j^g^ou^_to_achiegKe.a.uniform fi1m;Jiowever,-not-aU-the solvent-has 



evaporated. The substrate was then aUowed to dry slowly under a saturated atmosphere 
of chloroform or p-xylene so that the peryiene and the brushes had time to form an 
integrated network. 



Example 6 

Deposition of cathode: coating of second component layer produced 
in Exanqile 5 with catihode material 

Hie cathode was deposited on top of the product of Example 5 by a process of 
thermal evaporation under high vaccum of 1 0"^ milli bar. The material used for the 
cathode was either aluminum, magnesium or calcium. 

A photovoltaic device produced in Example 6, having a SAM of the initiator 
produced in Example 2 above on the PEDOT/PSS covered ITO-coated glass substrate 
produced according to Exmxiple 3(b) above, poly(4-diphenylaminobenzyl methacrylate) 
brushes grown from said SAM initiator according to Exan5)le 4, coated with peryiene 
according to Exanqjle 5(b) above and then coated with aluminium according to Example 
6 above was tested for its device characteristics. The absoibtion spectra of poly(4- 
dipbenyiaminobenzyl methacrylate) and peryiene are shown in Hgure 6, the external 
quantum efficiency (EQE qiectra) for the brush device of the inv^tion and an equivalent 
•prior art device having a semiconducting layer conqoising a blend of poly(4- 
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diphenjdaininobenzyl methacrylate) and perylene (fabricated according to the procedure 
described in H. J, Snaifh et al., Nano. Lett., 2002, 2, 12, apart from chloroform being used 
as the solvent in place of the p-xjdene used in said reference) are shown in Figure 7, and 
AFM images for a complete covering of brushes grown from a silicon substrate, the 
brushes grown on an ITO substrate and an ITO substrate are shown in Figure 8. 

As can be seen from the EQE spectra^ the device of the present invention was 2% 
eflBcient at peak wavelength. From the AFM ]bnages of the brush film, there was not a 
very thick covering of brushes, and further work needs to be done to optimise the 
application of the second component. However, from these results it is clear that devices 
of the present invention having semiconducting polymer brushes have very interesting 
performance characteristics which noakes the use of semiconducting polymer brushes 
very promising as a means of maximising the performance of blend devices. 
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Claims 



semicWubtinglayer con^irising a nuxture of at leit 

semiconducting material and at least one electron-transporting semiconducting material, 
wherdn kt least one of said semiconducting materials is in the fonn of semiconducting 
polymer brushes which are attached to the suifece of at least one of said electrodes and 
are in contact with at least one of said other semiconducting materials. 

2. An organic electronic device according to claim 1, wherein contact between said 
_£^COT<hic^g^ol3mabjpshes.attachedto.t^^^^ 



semiconducting material is achieved by either: 

(a) intercalation of said at least one other semiconducting material with said 
semiconducting polymer brushes; 

(b) growth of said at least one other semiconducting material as further 
semiconducting polymer brushes in the gaps between said first semiconducting polymer 
brushes to give an interpenetrating mixed polymer network; or 

(c) by the polymerisation of a second, different monomer from the end of said 
semiconducting polymer brushes to give block co-polymer brushes having a bi-layer 
stmcture with direct covalent bonds between the said two or more semiconducting 
con^nents. 

3. An organic electronic device according to claim 1 or claim 2, wherein said device 
is selected from electroluminescent devices, photovoltaic devices, field e£fect transistors 
and liquid crystal devices. 



4. An organic electronic device according to clahn 3, wherem said device is a 
photovoltaic device. 



5, An organic electronic device according to claim 3, wherein said device is an 
electroluminescent device. 
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6. An organic electronic device according to any one of claims 1 to 5, wherein the 
average length of the polymer brushes is from 1 nm to 1 urn. 

7. Anorganicelectronicdeviceaccordingtoanyoneofclaims ItoS.whereinthe 
average lengfli of the polymer brushes is at least 40 nm. 

8 . An organic eleclionic device according to any one of claims 1 to 7, wherein said 
semiconducting polymer brushes are brushes wherein the polymer is selected from the 
group consisting of poly-phenylene-vinyiene (PPV) and derivatives mereof. polyfluorene 
derivatives, polynaphthylene derivatives, polyindenofluorene derivatives, 
polyphenanthrenyi derivatives, poly(acrylate) derivatives and poly(methacrylate) 
derivatives. 

9. An organic electronic device according to any one of claims 1 to 7, wherem said 
semiconducting polymer brushes are brushes wherein the polymer is selected from the 
group consisting of polymers which include the following units of formulae (I), (Vm), 
OK), (X), (XI), (Xn), CXm), (XIV) or (XV): 
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cm 



CJOV) 




OCV) 



wherein: 

is a groi?) of formula -(CH2)m-X-Y wherein 
mis 0 or an integer of from 1 to 6, 

Xis a group of fonnula PQ, (XI), (XII), (Xm), (XIV) or PCV) as defined above 
or a group of fonnula (JJ) or (EI) as defined below 



(H) 




wherein 



nisO, 1 or 2, 

p and q are the same or different and each is 0 or an integer of from 1 to 3, and 
each of R^^ and R^^ is the same or different and is selected from Ihe group 
consisting of alkyl gfx>vps as defined below,haloalkyl groups as defined below, alkoxy 
g^jxps as defined below, alkoxyaJiyl groups as defined below, aryl groups as defined 
below, aryloxy groiq)s as defined below, aralkjd grotqps as defined below and groups of 
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fonnida -COB}' wherem is selected from the gcovp consisting of hydroxy groiqjs. 
aBqd groups as defined below, haloalkyl groiqjs as defined below, alkoxy groiqjs as ' 
-.definedbelow,-alkoxya]j£yl-groiq,sa^deflned:b-elow^ 



aiyioxy groiqjs-as defined below, aralkyl^oupi-£Jd5B5ed below, amino 'groins; 
alkylaniino groups the alkyl moiety of which is as defined below, dialkylamino groups 
wherein each alkyl moiety is the same dr different and is ^ defined below, aialkyloxy 
groups the aralkyl moiety of which is as defined below and haloalkoxy g^yjps 
comprising an alkoxy gco^p as defined below ^ch is substituted with at least erne 
halogen atom, 

or, where n, p or q is an integer of 2, the 2 groi9)s R^, R^^ or R^^ respectiydy 
may, togeflier with the ring carb on atoms to whic h they are attached, fo rm an aryl grn,ip 
as defined below or a heterocychc group having from 5 to 7 ring atoms, one or more of 
said ring atoms being a heteroatom selected from the gcoMp consisting of nitrogen, 
oxygen and sulfur atoms, and 

Y is selected from the grotq) consisting of a hydrogen atom, R", NHR^^ and NRV\ 
^n^ierein 

37 • 

R is selected fiiom tiie group consisting of alkyl groups as defined below, 
haloalkyl groups as defined below, alkoxy groins as defined below, alkoxyalkyl groups 
as defined below, aryl groiqjs as defined beloy/, aryloxy groups as defined below, aralkyl 
groups as defined below and groups of formula ^OR'« wherein B}' is as defined above, 
and 

each of r38 and R^' is the same or different and is selected from the scovtp 
consisting of aryl groups as defined below and aralkyl g^vps as defined below; 

R' is selected from tiie group consisting of group consisting of hydrogen atoms, 
alkyl groups as defined below, haloalkyl groi„s as defined below and alkoxy groins a^ 
defined below; 

each of R« to R»' and R" to R^^ is the same or different and is selected froiA the 
groiq, consisting of alkyl groups as defined below, haloalkyl groxqjs as defined beldw. 
alkoky groups as defined below, alkoxyalkyl groiq>s as defined below, aryl groxqjs as ' 
defined below, aryloxy groups as defined below, aralkyl g^rxps as defined below and 
groups of formula -COR" wherein R" is as defined above. 



Vyrandrews/CUTS/GBP290024s.doc 



CS3P290Q24/(S 8pecificatioii/isa/24X>4.04 



33 



or, where r or s is an integer of 2, the 2 groups R'^ or R^^ respectively may, 
together with the ring carbon atoms to which they are attached, form a heterocycUc group 
having from 5 to 7 ring atoms, one or more of said ring atoms being a heteroatom 
selected from the group consisting of nitrogen, oxygen and sulfur atoms; 

each ofZ\ and is the same or different and is selected from the group 
consisting of O, S, SO, SO2, NR^ 1^(R^^(R^"). C(R')(R% Si(R'")(R^') and P(0)(OR^ 
wherein R^ R^' and R^° are the same or different and each is selected from the group 
consisting of hydrogen atoms, alkyl groups as defined below, haloalkyl groups as defined 
below, alkoxy groups as defined below, alkoxyalkyl groups as defined below, aryl groiqjs 
as defined below, aryloxy groups as defined below, aralkjd groups as defined below, and 
alkyl groiq)S as defined below which are substituted with at least one group of formula - 
l<t(lC)3 wherein each grotq) R'^ is the same or different and is selected from the group 
consisting of hydrogen atoms, alkyl groups as defined below and aryl groups as defined 
below, R*, R^, R*' and R^' are the same or different and each is selected fcom the group 
consisting of hydrogen atoms, alkyl groups as defined below, haloalkyl groiq)s as defined 
bdow, alkoxy groi5)S as defined below, halogen atoms, nitro groins, cyano gro\q)S, 
alkoxyalkyl groiq)s as defined below, aryl groups as defined below, aryloxy groiqjs as 
. defined below and aralkyl groups as defined below or R"* and R^ together with the carbon 
atom to which they are attached represent a carbonyl group, and R*' is selected from the 
group consisting of hydrogen atoms, alkyl gcoups as defined below, haloalkyl groiq)s as 
defined below, alkoxyalkyl groups as defined below, aryl groups as defined below, 
aryloxy groups as defined below and aralkyl groups as defined below; 

each of XS X^, X^ and X* is the same or different and is selected fix>m: 
arylene groups which are aromatic hydrocarbon groups having from 6 to 14 
carbon atoms in one or more rings which may optionally be substituted by at least one 
substituent selected from the group consisting of nitro groups, cyano groups, amino 
groups, alkyl grov5>s as defined below, haloalkyl groups as defined below, alkoxyalkyl 
groups as defined below, aryloxy groves as defined below and alkoxy groups as defined 
below; 
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strai^t or branched^hain alkylene groups having from 1 to 6 carbon atoms; 
straight or branched-chain alkenylene groiqjs having from 2 to 6 carbon atoms; 

-straightor branched-chain alkynylene groups haviig from 1 to 6caih6iili^- 

X andX together and/or X' and together can represent a linking group of 
formula (V) below: 



00 

wherem X' represents an arylene groiq> which is an aromkiic hydrocarbon gjrovtp 
having from 6 to 14 carbon atoms in one or more rings which may optionaUy be 
substituted by at least one substituent selected from the group consisting of nilro groups, 
cyano groups, amino groups, alkyl groups as defined below, haloalkjd groiqjs as defined 
below, allcoxyalkyl groups as defined below, aryloxy groups as defined below and alkoxy 
groups as defined below; 

each of el, e2. fl and £2 is the same or different and is 0 or an integer of 1 to 3; 

each of g, ql, q2, q3 and q4 is the same or different and is 0, 1 or 2; 

each of hi, h2, jl, j2, j3, 11. 12, 13. 14, r and s is the same or diffeimt and is 0 or an integer 

of 1 to 4; 

each of i. kl , k2, o 1 and 02 is the same or different and is 0 or an integer of 1 to 5; and 
each of pi, p2, p3 and p4 is 0 or 1; 

the alkyl groups ^ove are straight or branched-chain alkyl groups having from 1 to 20 
carbon atoms; 

the haloalkyl groiqjs above are alkyl groups as defined above which are substituted 
with at least one halogen atom; 

the alkoxy groups above are straight or branched-chain alkoxy groups having from 1 to 
20 carbon atoms; 
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the alkoxyalkyl groups above are alkyl grorqjs as defined above which are substituted 
with at least one alkoxy group as defined above; and 

the aryl group above and liie aryl moiety of the aralkyl gxfops (which have from 1 to 20 
carbon atoms in the alkyl moiety) and the aryioxy groups above is an aromatic 
hydrocarbon group having from 6 to 14 carbon atoms in one or more rings which may 
optionally be substituted with at least one substituent selected from the group consisting 
of nitro groiqjs, cyano groups, amino groups, alkyl groups as defined above, haloalkyl 
groups as defined above, alkoxyalkyl groups as defined above and alkoxy groups as 
defined above. 

10. An organic electronic device according to claim 9, wherein said semiconducting 
brushes are homopolymeric brushes which con^nise units of formulae (£), (VHI), (IX), 
(X), (XIV) or (XV). 

11. An organic electronic device according to any one of claims 1 to 7, wherein said 
semiconducting polymer brushes are brushes wherein the polymer is selected fixim the 
groiq) consisting of poly(4-diphen3daminobenzyl mefhacrylate), PPV, poly(2-mefhoxy-5- 
(2'-ethyl)hexyloxy-phenylene-vin)dene) (MBH-PPV), dialkoxy derivatives of PPV, 
dialkyl derivatives of PPV, andpolyfluorene derivatives. 

12. An organic electronic device according to any one of claims 1 to 7, whexdn said 
semiconducting polymer brushes are brushes wherein the polymer is selected &om the 
group consisting of PPV, MEH-PPV, poly (2,7-(9,9-di-n-hexymuorene)), poly (2,7-(9.9- 
di-n-octylfluorene)),poly(2,7-(9,9-di-n-octylfluorene)-(l,4-phenylene-((4-jec- 
butylphenyl)imino)-l,4-phenylene)) (TFB), and poly (2,7-(9,9-di-n-octymuorene)-3,6- 
beozotiiiadiazole) (F8BT)- 

13. An organic electronic device accordiag to any one of claims 1 to 12, wherein said 
at least one other semiconducting material is a semiconducting polymeric material or a 
semiconductiiig small organic molecule. 
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14. An organic electronic device according to claim 13. wherein said at least one 
other semiconducting material is either a semiconducting polymer selected from the 
--groiq,xonsistm^of-poly.phenyWvinylene(^^^ 

-derivatives; polynaphthylene deiivativesTpolyindenofluorene derivatives'. ~ 

polyphenanthrenyl derivatives, poly(acrylate) derivatives andpoly(methictylate) 
derivatives, or a semiconducting smaU organic molecule selected from the gix)tq> 
consisting of aluminimn quinohnol complex^, perylene and derivatives thereof 
con^lexes of ti^ition metals, lanthanides and actinides with organic ligands such as 
TMHD and quinacridone, rubrene and styryl dyes. 

15. An organic electronic device accordin g to claim 14. wherein said semiconducting _ 
polymers are selected fiompolymers which mclude units of formulae (VHI), (IX). (X) 
(XI). (Xn), (Xm). (XIV) or (XV) as defined m claim 9. 



16. 



An organic electronic device according to claim 14, wherein said semiconducting 
polymere are selected from the groiq, consisting of PPV. poly(2-methoxy-5-(2'- 
ethyl)hexyloxy-pheaylene-vin3deae) (MEH-PPV). dialkoxy derivatives of PPV. dialkyi 
derivatives of PPV, and polyfluorene derivatives. 



17. 



An organic electronic device according to claim 14. wherein said semiconducting 
polymers aie.selected from tiie group consisting of PPV. MEH-PPV, poly (2 7-(9 9.di-« 
hexylfluorene)). poly (2,7-(9,9-di-«-octymuorene)), poly (2,7-(9.9.di.„K,ct3dfluoJene). 
(1.4-phenylene-((4-.ec-butylphenyl)imino)-l,4-phenylene)) (TEB). and poly (2.7-(9,9-di- 
n-octylfluorene)-3,6-benzothiadia2ole) (F8BT). 

18. An organic electronic device according to claim 1 4. whemn said semiconducting 
small organic molecules are selected from aluminimn quinolinol conq,lexes and per>iene 
and derivatives thereof. 
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19. An organic electronic device according to any one of claims 1 to 18, wherein said 
electrode is coated wilii a hole-transport layer or an electron-transport layer before said 
polymer brushes are attached thereto. 

20. A process for the manufacture of an organic electronic device according to any 
one of claims 1 to 19, saidprocjsss comprising: 

(a) • coating a substrate with a material to form one of the electrodes; 

(b) optionally coating the electrode thus formed with a self-assembled monolayer 
end-C£^ped with an initiator groiqj; 

(c) bringing the electrode, optionally coated wilh the self-assembled monolayer 
produced m step (b), into contact with a solution of a monomer under conditions suitable 
for the growth of polymer brushes conqjrising said monomer unit from the surface of said 
electrode; 

(d) treating the product of step (c) in such a way as to produce a product in which the 
polymer brushes are in contact wiih at least one further semiconducting material; and 

(e) coating a material on the top surface of the product of stqp (d) to form the further 
electrode. 

21. A process according to claim 20, wherein said self-assembled monolayer 
conq)rises tiiiol molecules or sUoxane molecules end-capped with an initiator group. 

22. A process according to claim 20 or claim 21 , wharein a hole transport layer or 
electron transport layer is deposited before optional step (b) or step (c). 

23. An organic elechronic device substantially as described herein with reference to 
the accompanying drawings. 

24. A process for the manufacture of an or^nic electronic device substantially as 
described herein with reference to the acconq)anymg drawmgs. 
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Abstract 



^anic-EIectroiue-DevicesIncoipOT-atingSeimcondff^^ 

. An organic eleclronic device comprises at least two electrodes and a 
semiconducting layer con^rising a mixture of at least one hole-transporting 
semiconducting material and at least one electron-transporting semiconducting material, 
wherein at least one of said semiconducting materials is in the form of semiconducting ' 
polymer brushes which are attached to the surface of at least one of said electrodes and 
are in contact with at least one of said other semiconducting materials. A process for the 
manufacture of said devices is also provided. 



[Figure 3 for abstract] 
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Figure 2 
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BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of the 
original documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 



□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLORED OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REPERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning documents will not correct images 
problems checked, please do not report the 
problems to the IFW Image Problem Mailbox 



